The distributed acoustic sensing (DAS) has been extensively studied and widely used. A distributed acoustic sensing system based on the unbalanced Michelson interferometer with phase generated carrier (PGC) demodulation was designed and tested. The system could directly obtain the phase, amplitude, frequency response, and location information of sound wave at the same time and measurement at all points along the sensing fiber simultaneously. Experiments showed that the system successfully measured the acoustic signals with a phase-pressure sensitivity about -148 dB (re rad/μPa) and frequency response ripple less than 1.5 dB. The further field experiment showed that the system could measure signals at all points along the sensing fiber simultaneously.
Introduction
Distributed acoustic sensing (DAS) is a novel technology which offers the capability of measurement at thousands of points simultaneously, using a simple and unmodified optical fiber as the sensing element. Compared with conventional point sensors, DAS needs no special reflectors or fiber Bragg gratings in its optical path, which greatly reduces the operation difficulty in field test. And it can measure thousands of continuous points along the sensing fiber and form acoustic or seismic imaging. These advantages cause DAS to be extensively studied and widely used in the fields of oil and gas exploration, national defense, security, and so on [1] [2] [3] [4] [5] .
The DAS system operates according to a radar-style process: it sends a series of pulses into the fiber and records the return of the naturally occurring scattered signal against time. One representative of this backscattered sensing is phase sensitive optical time domain reflectometer (φ-OTDR), which inputs a narrow line-width laser to the sensing fiber and monitors the phase changes of Rayleigh backscattered lights [6] [7] [8] [9] . The other one is Brillouin optical time domain reflectometer (BOTDR) which uses Brillouin backscattered lights to measure dynamic strain and temperature [10] [11] [12] .
A major limitation of these distributed sensors above is that they are incapable of determining the full vector acoustic field, namely the amplitude, frequency, and phase, which is a necessity for acoustic or seismic imaging. Measuring the full acoustic field is a much harder technical challenge to be overcome. But, in doing this, it is possible to achieve high resolution seismic imaging and also make other novel systems, for example, a massive acoustic antenna.
In this work, a DAS system based on the Michelson interferometer with phase generated carrier (PGC) demodulation was designed and tested. Experiments showed that the system could successfully acquire the acoustic signal information, including the location, frequency, amplitude, and phase, at all points along the sensing fiber simultaneously.
System design
The DAS system diagram is shown in Fig. 1 . The light source used in the system is a distributedfeedback laser diode (DFB-LD) which emits a continuous wave light with the power of 10 mW and linewidth of 5 kHz. The light is injected into an acoustic-optic modulator (AOM) to generate a pulsed light. The pulses of the light have the width of 50 ns and repetition rate R of 50 kHz. Then the modulated pulses are amplified by an erbium-doped fiber amplifier (EDFA) in which a narrow-band light filter is integrated to remove the spontaneous emission noise. Then the amplified pulses are launched into a single mode sensing fiber (Corning SMF-28e) by a circulator, and the Rayleigh-backscattered light is excited at all positions of the sensing fiber. When an acoustic signal is applied on a position of the sensing fiber, it changes the optical path difference of the two backscattered lights exited ahead and behind of the position. So we can introduce an unbalanced interferometer to make the two neighborhoodposition's Rayleigh-backscattered lights interfere and obtain the acoustic signal. The backscattered light is amplified by another EDFA to improve the signal-to-noise-ratio (SNR). Then the amplified light passes through an isolator and is injected into a Michelson interferometer which consists of a 2×2 coupler, a phase modulator (PM), and two Faraday rotation mirrors (FRMs). The light is split into two equal beams by the coupler. One of the beams is modulated by the PM with the 2-kHz sinusoidal wave to generate the phase carrier, which decides that the highest signal frequency measured is no more than 1 kHz theoretically. The interferometer output signal I can be expressed as
where A is the average optical power of the interferometer output signal. B=kA, k≤1, and k is the interference fringe visibility. Ccosω 0 t is the phase generated carrier.
is the phase change induced by the acoustic signal, and ϕ(t) is the slow variation of the initial phase caused by the environment. The PGC demodulation scheme is shown in Fig. 2 . The interferometer output signal I is fed into the PGC demodulation scheme, and the final output of the system, which contains the tested signal φ(ω, t), is [13] ( ) ( ) ( ) ( )
where G and H are the amplitude of fundamental and double frequency signal, respectively. K=B 2 GHJ 1 (C)J 2 (C) is the gain factor of the system. Finally, we calibrate the constant K and obtain the acoustic signal from the high-pass filter (HPF). By introducing the unbalanced interferometer with a arm-length difference of 5 m, the signal we got every time represents the phase change between two points of 5 m apart on the sensing fiber. That is to say, the spatial resolution of the system is 5 m. The repetition rate of the pulses decides the system's maximum detection length. The time interval between two pulses should be longer than the round trip time of the light traveling in the sensing fiber to insure that there is only one pulse inside the fiber at any time. For the 50-kHz repetition rate, we can know that the detection range is around 2 km which is determined by L<c/2Rn f .
Lab experiments
A water tank system was used to examine the performance of the DAS system (Fig. 3 ). An underwater speaker was fixed in water and driven by a function generator. A sensing fiber with a length of 10 m was wrapped into a fiber ring with a diameter of 8 cm to reduce the influence of the acoustic-intensity differences, which was put into water and connected to the DAS instrument. A commercial piezoelectric hydrophone (Type RHSA20 made by 715th Research Institute of China Shipbuilding Industry Corporation) was also placed close to the fiber ring to measure the acoustic pressure amplitude. The sound fields of the fiber ring and the piezoelectric hydrophone were almost the same. Firstly, we fixed the frequency at 200 Hz and changed the amplitude of the sinusoidal wave generated by the function generator. The acoustic pressure amplitudes in different acoustic intensities were measured by the piezoelectric hydrophone, and the phase-pressure sensitivity of the DAS system was calculated. Figure 4 shows the instantaneous frequency of our system demodulated and the spectral analysis via fast Fourier transform (FFT) of the demodulated signal. It indicates that the signals of DAS and hydrophone have almost the same waveform and SNR. It demonstrates that the DAS system can measure the full vector acoustic field, including the amplitude, frequency, and phase. Figure 5 shows the phase-pressure relationship of the DAS system. When the acoustic pressure increases, the demodulated phase variation increases linearly. The phase-pressure sensitivity was calculated through our system demodulated phase amplitude divided by piezoelectric hydrophone detected acoustic pressure amplitude. The achieved phase-pressure sensitivity was 0.0384 rad/Pa (-148 dB, re rad/μPa). Secondly, we fixed the amplitude and changed the frequency of the sinusoidal wave generated by the function generator to measure the frequency response of our system. Figure 6 shows the frequency response of the system from 50 Hz to 500 Hz. The response flatness of less than 1.5 dB was obtained. 
Field experiments
Furthermore, a field experiment was introduced to examine the system. We buried a 110-m-long fiber cable with 50 cm underneath the ground, which was marked from 33 m to 143 m shown in Fig. 7 . And a man walked on the ground along the buried fiber cable. The fiber cable was connected to the DAS instrument in which there was a monitor program running to process the acoustic signals of all the points on the fiber cable in real time. The output of the program is shown in Fig. 8 . The gray level represents the intensity, which is the square of the amplitude of the acoustic signal we tested. According the figure, we can clearly identify the signal of every walking step and infer the man walking 19 steps in 10 s and about 15 m forward. So the signals at all points along the sensing fiber can be measured by the DAS system simultaneously. 
Conclusions
An optical fiber distributed acoustic sensing system based on the unbalanced Michelson interferometer and PGC demodulation is demonstrated. The system can directly obtain the phase, amplitude, frequency response, and location information of sound wave at the same time and measure at all points along the sensing fiber simultaneously. Experiments showed that the system successfully measured the acoustic signals with the phase-pressure sensitivity of about -148 dB (re rad/μPa) and frequency response flatness of less than 1.5 dB. The further field experiment showed that the system could measure signals at all points along the sensing fiber simultaneously. The DAS can be used as geophone for surface, seabed, and downhole measurements, encompassing vertical seismic profiles. It can also offer integrity and surveillance monitoring solutions for pipelines and intrusions by using a single optical fiber cable. 
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